The MOVI-HRToF-CIMS instrument is unique in that, within a compact field-deployable package, it provides (1) quantifiable molecular-level information for both gas and particle-phase organic species on timescales ranging from ≤1 s for gases to 10-60 min for particle-phase compounds that can be used to efficiently probe oxidation and secondary organic aerosol (SOA) formation mechanisms, and (2) relative volatility information of the detected compounds simultaneously estimated using the programmed thermal desorption information obtained from the MOVI. We demonstrate the capabilities of a prototype instrument using known test compounds and complex mixtures generated from the oxidation of biogenic and anthropogenic hydrocarbons. We present spectra The instrument has high mass resolving power (R = 5000 above m/Q 250 Th) and mass accuracy (±20 ppm) enabling estimation of compound elemental composition. Instrument sensitivity in negative ion mode was tested using formic acid as a representative gas-phase compound, and that for particle-phase compounds was tested using palmitic, azelaic, and tricarballylic acids. With a heated MOVI inlet, an ion count rate of ∼15 Hz is achieved when sampling 1 pptv (= 1 pmol/mol) of formic acid (or other monocarboxylic acids) under typical operating conditions. This sensitivity translates to detection limits less than 1 ng/m 3 for carboxylic acids in the particle-phase. We also discuss the remaining challenges with this instrument to broadly characterizing gaseous and particulate oxygenated organic compounds in situ.
INTRODUCTION
Organic species (organic aerosols [OA] and organic gases [OG] ) are ubiquitous in Earth's atmosphere. Through contributions to aerosol particle formation and growth, organic species affect human health, visibility, cloud formation and climate (Novakov and Penner 1993; Quinn et al. 2005; Mochida et al. 2008; Pope et al. 2009; Sorooshian et al. 2009 ). Understanding OA formation and loss, and the partitioning of organic species between gas and particle-phases is key to understanding and mitigating its impacts. Current estimates of primary OA (POA, emitted directly into the atmosphere in the particle-phase) and secondary OA (SOA, produced from chemical reactions in the atmosphere) budgets are highly uncertain (Goldstein and Galbally 2007; Hallquist et al. 2009; Heald et al. 2010) . Recent studies have improved our understanding of OA and OG (Donahue et al. 2006; Robinson et al. 2007; Goldstein et al. 2009; Jimenez et al. 2009; Paulot et al. 2009; Ng et al. 2011 ), but critical parameters remain to be adequately quantified for models to accurately simulate regional and global OA distributions (Hallquist et al. 2009 ). Significant uncertainties related to particle sources, formation and growth mechanisms, loss rates, and direct and indirect effects (changes in light scattering and absorption, and cloud albedo) persist, in part, due to a lack of an understanding of the species which make up OG and OA.
Detailed discussions of various offline and online techniques for OA analysis have been published recently (Sullivan and Prather 2005; Nash et al. 2006; Chow et al. 2008; Farmer and Jimenez 2010) , therefore, only the most relevant research is summarized below. The application of time-of-flight mass spectrometers (ToFMS) for real-time study of OA and atmospheric OG composition has been demonstrated previously (Prather et al. 1994; Murphy and Thomson 1995; Blake et al. 2004; Drewnick et al. 2005; Zelenyuk and Imre 2005; Bertram et al. 2011) , but its coupling with chemical ionization (CI) is only recently becoming more widespread.
The main advantages of ToFMS are (1) the ability to acquire an entire mass spectrum, for example, from 15-1500 Th (Th = thomson = u/e), at rates exceeding 1000 Hz (Kimmel et al. 2010 ), leading to a superior duty cycle for broad mass range, without any a priori assumptions on which m/Q to monitor, (2) high mass resolving power, R, with field deployable instruments routinely reaching R > 3000 Th Th −1 , and (3) high relative mass accuracy in the range of 20 µTh Th −1 . While ToFMS instruments for gas-phase composition analysis of atmospheric samples now exist Bertram et al. 2011) , the more common application of ToFMS instruments to atmospheric composition studies has been analysis of particles. Two main subgroups are single particle laser-ablation instruments (Prather et al. 1994; Murphy and Thomson 1995; Zelenyuk and Imre 2005) and ensemble particle analysis instruments (Drewnick et al. 2005; Holzinger et al. 2010) . Early designs of single particle instruments caused extensive fragmentation of organic compounds due to laser desorption and ionization, but recent improvements reduce fragmentation by using single photon ionization and variable energy desorption lasers (Oktem et al. 2004; Vaden et al. 2010) . The Aerodyne time-of-flight aerosol mass spectrometer (ToF-AMS) is the most widely used ensemble particle analysis instrument providing nonrefractory particle composition ). This instrument uses electron impact ionization, which induces extensive fragmentation of organic molecules. As a consequence, identification and quantification of specific molecular species with the Aerodyne AMS is not possible. However, by determining the elemental composition of all fragments the average oxidation state of carbon in the aerosol particles can be inferred (Aiken et al. 2008) , and groups of species representing different sources of OA can be identified through factor analysis of the ensemble spectra (Zhang et al. 2011) . Recently, protontransfer-reaction (PTR) ionization, a softer ionization scheme than EI, was coupled to a high-resolution ToFMS for OA analysis (Holzinger et al. 2010 ). This work reported detection of un-oxidized and oxidized organic compounds, inorganic compounds, and organonitrate and organosulfate compounds at a high altitude site.
The MOVI-HRToF-CIMS instrument is unique in that it provides, within a compact field-deployable package, quantifiable molecular-level information for both gas and particle-phase oxygenated organic species on a semicontinuous timescale across a large range of volatilities. When combined with the fast acquisition, high mass resolving power and mass accuracy of a high-resolution ToFMS, and the soft and selective ionization scheme, this technique can be used to efficiently probe oxidation and SOA formation mechanisms by estimating the elemental composition of the detected compounds. In addition, using the programmed thermal desorption information from the MOVI, relative volatility information of the detected compounds can be simultaneously estimated. The CI source design used here is similar to that described previously by Bertram et al. (2011, and reference therein) , and the HRToFMS is largely similar to the atmospheric pressure interface (API-ToF) described by Junninen et al. (2010) . Therefore, we focus our description and characterization on the unique aspects of the MOVI and CI combination.
(API) was first described for the detection of atmospheric ions with the high-resolution ToFMS (Junninen et al. 2010 ) and more recently, Bertram et al. (2011) used the same API for coupling of a CI IMR to a compact ToFMS (CTOF, TOFWERK) for analysis of gas-phase organic acids. For simplicity, we refer to the instrument described in Bertram et al. (2011) as a CToF-CIMS. The instrument reported in this article represents, to our knowledge, the first application of high-resolution ToFMS to neutral organic compounds in both gas and particle-phases that are selectively ionized by positive and negative CI schemes. Figure 1 shows a schematic of the MOVI design used in the work described here, slightly revised from the design described previously (Yatavelli and Thornton 2010) . The impactor characteristics remain largely the same with 100 nozzles, each 150 µm in diameter, and the jet-to-plate distance at 0.6 mm. The design changes described here were aimed at decreasing the condensation of semivolatile and low-volatility compounds in the MOVI prior to CI. Toward this goal, the total surface area of the manifold block was reduced by nearly 50% by eliminating unnecessary dead space. The MOVI manifold now couples directly to the IMR region, so that desorbed molecules have a shorter residence time and a reduced number of wall collisions before ionization. Up to four cartridge heaters programmatically heat the manifold block during the heating cycle to enhance transfer of low-volatility compounds evolving from the collection post. The manifold block is also coated with an inert material (Inertium, AMCX Corp., State College, PA, USA for Aluminium or SilicoNert 2000, Restek Corp., Bellefonte, PA, USA for stainless steel manifold blocks) to further decrease the adsorption of condensable species inside the MOVI. Similarly, the stainless steel impaction surface also has inert coating (SilicoNert 2000) to minimize adsorption of semivolatile organic compounds. Finally, the critical orifice between the IMR and MOVI is pushed further into the IMR compared to the previous design where the orifice was closer to the impaction surface. This change has proven critical in increasing the sensitivity of the instrument presumably due to better mixing between the reagent ion and sample flows (induced by the relatively high flow velocity at the orifice exit). Apart from these design changes, the manifold block is held at 50
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• C during aerosol sampling and gas phase analysis to reduce the absorption of gases to the walls during sampling. The impaction surface is kept near ambient temperature by the flow of ambient air through the micro-orifices. Pressure in the MOVI during sampling is slightly below atmospheric pressure, for example, 863 mbar if atmospheric pressure is 1013 mbar.
The particle collection efficiency (CE) of the MOVI can be expressed as the product of several terms:
where E i is the transmission efficiency of the particle inlet ahead of the MOVI collector (assumed to be typically ∼1), E m is the CE of the MOVI impactor for liquid particles, and E b is the fraction of particles that stick (do not bounce) from the impactor surface for solid particles (for liquid particles E b ∼ 1). As discussed in Yatavelli and Thornton (2010) , we determined an E b of ∼0.65 for amorphous solid particles which we apply as appropriate in the analysis of data described herein. The E b value of 0.65 used in our analysis of α-pinene ozonolysis SOA is specific to the MOVI and depends on the aerosol particle velocity (which depends on the geometry of the nozzles and the flow rate), roughness of the collection surface, and particle-phase state (which depends on the composition of the aerosol particles and relative humidity). The phase-state of SOA is relatively uncertain at present but in a recent study, the bounce behavior of biogenic SOA in inertial impactors corroborates our assumption that the α-pinene ozonolysis SOA are amorphous solids (Virtanen et al. 2010) . In fact, Virtanen et al. (2010) measured particle bounce of ∼30% on greased aluminum collection surface for SOA produced from ozonolysis of terpenoids at low RH, similar to the conditions in our α-pinene ozonolysis experiment. Other recent studies (Koop et al. 2011; Vaden et al. 2011; Perraud et al. 2012) have also supported the hypothesis that SOA produced from α-pinene oxidation may be amorphous solids or semisolids, further supporting our E b value used here.
Chemical Ionization
The instrument allows analysis with various negative or positive reagent ions. Here, we present data with the acetate anion Downloaded by [University of Colorado at Boulder Libraries] at 07:08 02 August 2012
, which selectively ionizes acids (Veres et al. 2008; Roberts et al. 2010 Roberts et al. , 2011 Bertram et al. 2011) , and protonated water clusters H 3 O + · (H 2 O) n . Bertram et al. (2011) described the CH 3 C(O)O − ion chemistry in detail using the same IMR and CDC designs used here and at similar though not identical pressures; therefore, no discussion of that ion chemistry is presented here. CI-MS analysis using H 3 O + is commonly referred to as PTR-MS, and it has been extensively used to detect volatile organic compounds (VOCs) in the atmosphere (Lindinger et al. 1998; de Gouw and Warneke 2007 , ionization is more selective and does not ionize species with dipole moment = 0 (Spanel and Smith 1995) .
In this study, protonated water cluster ions were generated by flowing 2000 sccm of humidified N 2 through the 210 Po radioactive ion source. The ion source and the IMR are maintained at 50 V relative to ground. Humidified N 2 flow was generated by bubbling 2300 sccm N 2 through 18 M water maintained at room temperature (no temperature control). A critical orifice controlled the flow through the 210 Po ion source with the excess flow being vented to air. Pressures in various regions of the instrument were the same as that for acetate experiments. For the experimental conditions mentioned above, the most abundant ion observed was H 3 O + · H 2 O with the next dominant peak being H 3 O + · (H 2 O) 2 . Similar reagent ion distributions have been observed by other researchers, although they used lower ionization region pressures (33 and 53 mbar) (de Gouw et al. 2003) . The use of a CDC in our instrument alters the detected clusters from the actual distribution present in the IMR and likely contributes to some enhanced proton transfer during the residence time within the CDC though we have not examined this issue in detail. Therefore, the actual cluster distribution in the IMR is likely shifted toward higher cluster sizes (H 3 O + · (H 2 O) n , n = 3, 4, 5) than as it appears in our mass spectra. During the experiments described here, the H 3 O + , H 3 O + · H 2 O, and H 3 O + · (H 2 O) 2 count rates observed were typically, 5 × 10 4 , 1.5 × 10 6 , and 5 × 10 4 Hz, respectively. It is important to note that the work described here was not aimed at developing an optimized proton transfer method but more to illustrate the capabilities of a MOVI-HRToF-CIMS instrument. Figure 2 shows a schematic of the instrument assembly. The API and orthogonal extraction, reflectron ToF mass analyzer used here are manufactured by TOFWERK AG (Thun, Switzerland). The differentially pumped API, which was described in detail by Bertram et al. (2011) , connects the IMR to the highvacuum high-resolution ToFMS using three intermediate pump- ing stages containing ion focusing optics. To simplify the description, below we describe the HRToF-CIMS operation and data analysis procedure only for negative-ion mode.
Interface and HRToFMS
Ions generated in the IMR pass through a 500-µm orifice into the CDC region, which contains a segmented radio frequency (RF-only) quadrupole. The IMR and the orifice are biased at -100 V relative to ground. Pressure in the CDC is maintained at 2.7 mbar using a fine throttle valve and a dry scroll pump (BOC Edwards, Triscroll). The clustered product ions collide with bath gas in the CDC while being guided by the RF and axial fields in the quadrupole. The axial electric field strength across the segments of the CDC quadrupole is adjustable, and was 11.5 V/cm in this work. Bertram et al. (2011) showed that by tuning the electric field strength in the CDC the dissociation of weak ion-molecule clusters can be controlled. Tuning of the CDC and two other vacuum stages of the API are described in detail by Bertram et al. (2011) .
The high-resolution ToF can be configured to monitor either positive or negative ions, and ions can traverse the drift region either in a single reflectron (V-mode, nominal drift length = 1.3 m) or double reflectron (W-mode) ion optical configuration . The V-mode has higher sensitivity, while the W-mode has higher mass resolving power. The characterization experiments performed here were generally performed in V-mode with an extraction frequency of 25 kHz resulting in a m/Q range of 5-523 Th. Since both positive and negative ions are discussed in this manuscript, to avoid confusion, negative ion m/Q's will be preceded with a negative (−) sign. HRToF-CIMS data acquisition hardware, data storage procedures, and postprocessing routines used herein are very similar to those described in detail by Bertram et al. (2011) 
Mass Accuracy and Mass Resolving Power
The relatively high mass accuracy and mass resolving power in a field deployable package are important distinguishing characteristics of the HRToF-CIMS. Here, mass accuracy of the instrument is determined by comparing the measured m/Q of specific ions (not used in the calibration) of known elemental composition in a calibrated mass spectrum to the true m/Q of the ions. The m/Q of a recorded ion spectral peak was measured using a custom peak fitting algorithm in IGOR Pro. The peak center of the fitted ion peak was taken as the m/Q of the detected ion and compared to the exact m/Q calculated from the elemental composition. Figure 3a shows the V-mode mass accuracy for a variety of ions with most of the data within ±20 µTh Th −1 (ppm). The mass resolving power (R) for an isolated peak in a mass spectrum was calculated as the ratio of the m/Q of the peak to its full-width at half-maximum (m/Q) FWHM .
[2] Figure 3b shows R of the MOVI-HRToF-CIMS as a function of m/Q when using the CH 3 C(O)O − reagent ion. Above 250 Th, R plateaus at a maximum value of ∼5000 Th Th −1 in Vmode and ∼7300 Th Th −1 in W-mode. The W-mode resolving power in the MOVI-HRToF-CIMS is higher than for V-mode, as expected. Results described in the rest of the article were obtained mainly in V-mode to ensure high signal-to-noise ratio (see above). The R achieved here is higher than that typical of the HR-ToF-AMS, likely due to more uniform ion energetics, and is also in the range reported for the PTR-ToF instrument . See Figure S1 in the online supplemental information for a comparison of the MOVI-HRToF-CIMS mass resolving power to other instruments.
Having a R > 2000 provides the ability to differentiate ions with the same number of nucleons (i.e., integer m/Q) that are separated by a small fraction of a Th in the m/Q scale. An example of this high-resolution ability of the HRToF-CIMS instrument is shown in Figure 3c . This spectrum was obtained during analysis of gas-phase oxidation products from dark ozonolysis of α-pinene in a flow through chamber (discussed further in the method application section). The data clearly shows three distinct ions at −113 Th corresponding to C 2 F 3 O To assess the sensitivity of the instrument to gas-phase compounds, calibrations were performed using formic acid with acetate as the reagent ion. Based on previous work, we expect the sensitivity to be a nearly linear function of extraction frequency, a nonlinear function of IMR and CDC pressure (in part due to the RF ion guides), and to depend upon electric field tuning for resolution and declustering as well as the presence of surfaces between the formic acid source and IMR. Therefore, we separate the sensitivity of the instrument that obtained using a high transmission inlet, from that obtained with the MOVI inlet.
Dilute concentrations of formic acid were produced by flowing 10 sccm of N 2 over a calibrated permeation tube (KinTek, SRT2, 21.6 ng/min) maintained at 70
• C and contained in an insulated aluminum block. The output of the permeation tube was confirmed to be accurate and stable to within 5% via ion chromatography. Formic acid concentrations were varied by increasing or decreasing the carrier flow used to dilute the formic acid and overflow the instrument inlet which for these determinations of optimum sensitivity, consisted of a single fitting bored through with a PFA Teflon tube delivering gas to the critical orifice separating ambient pressure and the IMR.
Based on HR analysis, it was confirmed that only the HCOO − ion contributed to the signal at −45 Th, therefore, the instrument response for formic acid was measured using the integrated unit mass resolution (UMR) signal at −45 Th. The formic acid signal was observed to be linear up to 2 ppb above which acetate ion depletions were noticed. At the maximum formic acid concentration tested (10.4 ppb), depletion in acetate ion was measured to be ∼37%. The measured formic acid signal is normalized to depletions in reagent ion using the ratio of the reagent ion signal measured without formic acid to the signal when formic acid is present. Using the normalized counts in response to varying formic acid concentrations, the sensitivity of HRToF-CIMS to formic acid, determined from the slope of the line in Figure 4a is 80 Hz/pptv. This value is consistent with the 338 Hz/pptv obtained by Bertram et al. (2011) using a CToF, taking into consideration (1) the known factor of 4 decrease in ion transmission within the ToF region of the TOFWERK HTOF compared to CTOF for the same mass range (2) differences in the IMR and CDC pressures and electric fields (135 and 2.6 mbar here, vs. 85 and 2 mbar, respectively, in Bertram et al. [2011] ), and (3) different low m/Q transmission efficiency of the RF ion guides and TOFMS tuning. Importantly, a sensitivity of order 80 Hz/pptv for a single gas-phase compound is more than capable of making atmospheric measurements of many gases depending upon the instrument background. Moreover, there are few, if any, field deployable instruments with a better sensitivity coupled to the high-resolution capabilities and duty cycle of the ToF. Replacing the gas-phase inlet with a MOVI heated to 200
• C and containing an inert coating such as SilcoNert, transmits formic acid to better than 80% of the simpler inlet described above with relatively little loss in sensitivity. However, and not surprisingly, operating the MOVI manifold at 50
• C reduces the sensitivity to formic acid by a factor of 5, but only because of inefficient transfer of the formic acid through the MOVI (adsorption in the nozzle tube and on the MOVI surfaces) to the IMR, not because of changes in ion chemistry or ion transmission to the detector. A subsequent article will describe mass closure experiments using the MOVI at various temperatures.
For the above experiments, the ion transmission was optimized for low m/Q compounds. However, for most applications, such as those described below, we are interested in both capturing a large m/Q range, which requires lower extraction frequencies (25 kHz vs. 75 kHz), and operating at the minimum necessary declustering to reduce fragmentation of ions in the CDC. These conditions lower the sensitivity to formic acid by a factor of 4, and operating a MOVI at 50
• C lowers the sensitivity to formic acid further as noted above. Therefore, for typical operating conditions employed for the remaining tests discussed below, that is, 50
• C MOVI body temperature, 25 kHz extraction frequency and pressures optimized for moderate declustering, we find a sensitivity of formic acid of 3 Hz pptv −1 . Using the expression given in Bertram et al. (2011) , a background signal Downloaded by [University of Colorado at Boulder Libraries] at 07:08 02 August 2012 of 300 Hz, and a signal-to-noise ratio S/N = 3, we estimate the formic acid detection limit to be 25 pptv in 1 s integrations, which is a factor of 8 lower than that obtained by Bertram et al. (2011) with a high transmission gas-phase inlet and a CToF.
The gas-phase formic acid detection limit reported here makes this instrument suitable for measurements in both clean and polluted regions. Formic acid concentrations range between (lowest and highest values reported) 0.02-19 ppbv in polluted urban air (Chebbi and Carlier 1996; Veres et al. 2011 ), 1-40 ppbv in forested region of Sierra Nevada in Southwestern USA (Harrington et al. 1993) , 0.1-3.8 ppbv in rural and semirural regions across the world (Chebbi and Carlier 1996) , 0.03-1.7 ppbv and 0.65-0.85 ppbv in remote and pollution impacted marine regions, respectively (Bertram et al. 2011) , and 0.1-2.9 ppbv in the Amazon forest (Chebbi and Carlier 1996) .
Sensitivity to Particle-Phase Carboxylic Acids Using CH 3 C(O)O

−
The MOVI-HRToF-CIMS sensitivity for condensed phase organic compounds was measured using submicron polydisperse aerosols generated with a constant output atomizer (TSI 3076, St. Paul, MN, USA). A dilute methanol solution containing approximately 0.12, 0.11, and 0.11 mM of tricarballylic acid (C 6 H 8 O 6 , tri-acid), azelaic acid (C 9 H 16 O 4 , di-acid), and palmitic acid (C 16 H 32 O 2 , mono-acid), respectively, was used as the solution for atomization within 2 days of its preparation. These acids were chosen in order to investigate the ionization efficiency and instrument response to compounds that differed in number of carboxylic acid functionalities and volatility. Other acids (glutaric, benzoic, and decanoic) have also been tested, but fall within a similar range of results as the acids presented here.
The mass collected on the impaction surface was changed by sampling for different times between thermal desorptions. The collected mass was determined from the particle mass concentration, sampling time, and the impactor collection and bounce efficiencies using Equation (1). We assume the dry aerosol particles were more likely amorphous solids rather than liquids. In addition, we assume the components in the aerosol particles retained the same mole fraction as the atomizer solution. The collected particle mass was thermally desorbed into dry N 2 and subsequently detected by CI and ToFMS analysis.
The measured signal for each acid (S i , i = tricarballylic, azelaic, palmitic) was normalized by multiplying the respective acid signal by the ratio of the reagent ion signal at the start of desorption cycle (Acetate t = 0 ) to the reagent ion signal during each time step (Acetate t = t ).
Acetate t=t [3] The instrument response to each acid was then determined by integrating the normalized ion signal (S i,norm ) resulting from the thermal desorption at the m/Q corresponding to the deprotonated acid. The total area under the thermogram desorption peak is reported as counts, that is, the total number of ions detected over the thermal desorption time period. For the acids used here, the corresponding carboxylate anions appear in the mass spectrum at the nominal m/Q of −175, −187, and −255 Th for tricarballylic, azelaic and palmitic acid, respectively. For all these acids minimal signal was observed at the m/Q corresponding to a cluster with acetate ion, and except for tricarballylic acid, the carboxylate anion was the only significant ion observed. For tricarballylic acid, an additional signal was detected at −157 Th, which was highly correlated with −175 Th and was 2-10 times larger. High-resolution analysis of −157 Th peak had an exact mass of −157.0137 Th, which corresponded to the dehydrated TA. At present, it is not known if the dehydration occurred in the solvent used in the atomizer, during thermal vaporization, or after ionization. Further tests are needed to more conclusively determine its cause. For the purpose of the sensitivity calculation it is assumed that the signal at −157 Th is a dehydration product of tricarballylic acid, and therefore the signal at this peak is added to the signal measured at −175 Th to obtain the total tricarballylic acid signal. Figure 4b shows the tricarballylic, azelaic, and palmitic signals (normalized to acetate signal and integrated ion counts) versus deposited amount in nanomoles (nmol). A linear increase in ion signal is observed with increasing amount deposited for the range studied consistent with the linearity demonstrated previously with the MOVI (Yatavelli and Thornton 2010) . The sensitivity to each acid is the slope of the linear least squares line shown in Figure 4b and is calculated to be 2.7 ± 0.06 × 10 6 , 4.4 ± 0.1 × 10 6 , and 1.3 ± 0.03 × 10 7 counts/nmol, for palmitic, azelaic, and tricarballylic acid, respectively. For comparison, the sensitivity to gas-phase formic acid with a hot MOVI is equivalent to 5 × 10 6 counts/nmol, essentially the same as that for azelaic acid, suggesting a consistency between the sensitivity to gas and particle-phase compounds. Moreover, the sensitivities calculated here correspond to ionization efficiencies of 4.5 × 10 −9 -2.2 × 10 −8 ions/molecule which can be compared to typical ionization efficiencies of 1 × 10 −7 ions/molecule for V-mode and 1 × 10 −8 ions/molecule for W-mode of the HRToF-AMS using electron-impact ionization . Given the larger volumes sampled by the MOVI-HRToF-CIMS versus the AMS (10 lpm vs. 0.1 lpm, respectively), the detection limits for the MOVI-HRToF-CIMS in terms of ambient concentrations are expected to be similar or better than those of the HR-ToF-AMS.
The sensitivity to carboxylic acid compounds observed using acetate ion chemistry increases with an increasing number of carboxylic acid functionalities per compound and is also consistent with an increase in the relative acidity ( G acid ) of the analyte with respect to acetic acid. The gas-phase acidity for various mono and dicarboxylic acids (Bartmess 1989) suggests an increase in acetate ionization probability with increasing number of acid groups and decreasing carbon number ( Figure S2 ). At some point, ionization will be limited by the ion-molecule collision frequency and residence time in the IMR; increases in Downloaded by [University of Colorado at Boulder Libraries] at 07:08 02 August 2012 relative acidity will not increase sensitivity beyond that point. We hypothesize that the range in sensitivity observed for the carboxylic acids here is due to the range in gas-phase acidities relative to acetate. This conclusion will be the focus of future research by testing more acids and/or modeling the ion-molecule reaction thermodynamics and kinetics. Systematic characterization of the sensitivity to the broad range of compounds detectable by the MOVI-HRToF-CIMS is ultimately necessary to be quantitative for any specific ion detected. Utilizing measured and theoretically determined gas-phase acidities (or proton affinities when operating in proton addition mode) as a function of elemental composition is a likely approach for such a universal sensitivity function. While such a universal sensitivity function is a long-term goal, it is important to note that the relative sensitivity between different compounds (and therefore between detected ions) is likely fixed for constant operating conditions and need not be known to determine and characterize statistical patterns within a time series of mass spectra, as is done for factor analysis.
Precision and Detection Limits for Particle-Phase Carboxylic Acids
To estimate the precision of the impaction/volatilization method, three replicate calibration experiments were performed for the three organic acids using syringe deposition as described previously (Yatavelli and Thornton 2010) . These tests suggest a relative measurement precision for palmitic, azelaic, and tricarballylic acid of 8, 16, and 19%, respectively. The overall precision error is larger than the estimated delivery precision. We speculate that matrix effects, such as variable conversion of acids to esters in the ethanol solution are driving the observed variability in this case. Future calibration experiments are planned with different solvents to test this hypothesis. In the absence of independent standards for these acids, it is not possible to calculate the instrument accuracy.
Following Yatavelli and Thornton (2010) , we define the detection limit of the MOVI-HRToF-CIMS instrument as being the mass deposited on the impaction post that gives rise to a signal that is three times the precision of the signal, including variations of the background. The uncertainty in the signal peak areas (σ spa ), which is the precision mentioned above, and uncertainty in the blank signal peak areas (σ bspa ) together with the deposited amount in moles (n) and calibration factor (C f ) determine the S/N ratio.
Using S/N = 3 in Equation (4), we calculate a detection limit of 10 × 10 −3 , 2.6 × 10 −3 , and 8.9 × 10 −3 nmol for palmitic, azelaic, and tricarballylic acid, respectively, when using acetate as the reagent ion. These detection limits correspond to atmospheric mass concentration detection limits of 4.4, 0.8, and 2.6 ng/m 3 for palmitic, azelaic, and tricarballylic acid, respectively, assuming a particle collection time of 1 h under a typical MOVI flow rate of 10,000 sccm. These detection limits are indeed similar to the ∼3 ng/m 3 1-h detection-limit of the HR-ToF-AMS V-mode for organic material .
These detection limits are suitable for measurements not only in polluted regions but also in cleaner environments. For example, ambient concentrations (lowest and highest values reported) of palmitic and azelaic acids are 35.6-89.1 ng/m 3 and 2.6-25.5 ng/m 3 , respectively, in aerosol collected in Philadelphia, PA, USA (Li et al. 2006) , 0.95-2.4 ng/m 3 and 0.17-4 ng/m 3 , respectively, in remote marine aerosol (Kawamura and Sakaguchi 1999; Mochida et al. 2002) , and 2.1-12.7 ng/m 3 and 0.7-2.5 ng/m 3 , respectively, in the Amazon forest (Graham et al. 2003) . Tricarballylic acid has also been measured in various source regions with a range of 0.35-39.1 ng/m 3 in urban aerosol collected in Chennai, India (Fu et al. 2010) , 0.002-3.4 ng/m 3 in remote marine aerosol (Fu et al. 2011) , and 1.5-5.3 ng/m 3 in the Amazon forest (Graham et al. 2003) .
METHOD APPLICATION
The capabilities of the technique for broadly characterizing gaseous and particulate oxygenated organic compounds thought to be atmospherically relevant were assessed using OA generated in controlled oxidation experiments. Results presented here are obtained from two such experiments: (1) dark ozonolysis of α-pinene in a flow-through chamber, and (2) photo-oxidation of a cyclic alkane in a large environmental chamber.
␣-Pinene Ozonolysis SOA
SOA was produced by reacting α-pinene with ozone in an ambient pressure, room temperature, entrained aerosol flow reactor. The entrained aerosol flow reactor is similar to that used previously in the Thornton lab and described in detail by . Details of the experimental setup and conditions are presented in the supplemental information. We only briefly summarize the conditions here. Ozone and α-pinene reacted without seed particles for 8 min (residence time). At the exit of the flow reactor, a fraction of the eluent was sampled by an SMPS, and the rest was drawn through the MOVI inlet (at 40
• C) to the HRToF-CIMS. Typically, 76 µg/m 3 of SOA were detected at the exit and subsequently diluted by a factor of 5.5 prior to sampling by the MOVI. Total SOA mass collected during the sampling cycle, assuming a density of 1.4 g/cm 3 and spherical particles was ∼0.94 µg. These calculations used Equation (1) with an E b equal to that of solid aerosol-particles (0.65) along with the size dependent CE of the MOVI (Yatavelli and Thornton 2010) . Acetate was used as the reagent ion during these experiments to detect gas and particle-phase carboxylic acids which are known to be common products of α-pinene ozonolysis. desorption cycle of aerosol material collected during the sampling. All signals related to the reagent ion have been removed for clarity. To provide a means of qualitative comparison, we have assumed that all compounds detected during gas-phase sampling exhibit the same sensitivity as formic acid, while we apply an average of the sensitivities determined for palmitic and azelaic acids to the signals detected during the thermal desorption cycle. Tricarballylic acid sensitivity was not used in the calculation above assuming that the formation of tri-acids during α-pinene ozonolysis is a minor contributor to the overall SOA mass. The total detected organic acid mass evolving during a heating cycle was calculated from the total analyte ion current to be in the range 100-320 ng, where the range arises from using sensitivity equal to that of either azelaic or palmitic acids, respectively. This total acid estimate corresponds to an acid fraction of 11-34% of the total SOA mass. The organic acid fraction estimated above is similar to that reported previously by Yu et al. (1999) for α-pinene ozonolysis in a large environmental chamber (at an SOA concentration of 53 µg m −3 ). They estimated the major ozonolysis products pinic, norpinic, pinonic, norponinic, hydroxypinonic acid, and an unidentified acid (C 10 H 14 O 3 ) accounted for 13.6% (9.5-17.8%) of the total aerosol mass yield formed. Using the estimated mass concentration, shown in Figure 5b , for the same acids, we calculate that ∼12% of the aerosol mass is accounted by these acids; again remarkably similar to the study by Yu et al. (1999) .
In Figure 5a , the dominant gas-phase analyte ion observed is that of formic acid at −45 Th, the smallest possible gasphase carboxylic acid presumably formed due to substantial C-C bond breakage during oxidation. Other major well-known products such as pinonic (−183.1026 Th) and norponinic acid (−169.0876 Th), are also observed during sampling, but are much lower in intensity compared to formic acid suggesting that there is little gas-phase abundance of carboxylic acids in the high mass range (>200 Th) under our high OA mass concentrations. Alternately, if they preferentially partition to the gas-phase in the reactor, they may have rapidly partitioned to the reactor walls and/or the walls and collection surface of the sampling inlet. Likely, both effects play a role in these experiments and preserving the gas/particle portioning upon sampling represents a significant analytical challenge for any instrument. Figure 5b shows the mass spectrum during heating (particlephase). The spectrum is similar to that observed during sampling but with much higher intensity upon thermal desorption. Some of the notable spectral features that correspond to products reported by other studies include norpinonic acid (−169.0876 Th), terpenylic acid/norpinic acid (−171.0674 Th), pinonic acid (−183.1026 Th), pinic acid (−185.0831 Th), and hydroxypinonic acid .
In addition to the known products, the high mass resolving power and high mass accuracy of the HRToF-CIMS, allows us to estimate the elemental composition of a large range of detected organic acids. Exact peak centers are calculated using a custom high-resolution peak fitting algorithm, written at the University of Washington, and exact mass values are input into an online molecular composition calculator (http://www.chemcalc.org), whose output is used to estimate the elemental composition. Figure 6 shows the time-averaged high-resolution mass spectrum obtained during a heating cycle with the possible elemental compositions of several major ions. into three different panels; a, b, and c to more clearly show the separation in ion peaks. Table T1 in the supplemental information lists the estimated elemental compositions of all the ion peaks detected during the heating cycle. Figure 6d shows the ion peak at −357.1564 Th and four possible oxygenated compounds that are within ±40 µTh Th −1 of the ion peak center. Since the mass accuracy of the instrument is ±20 µTh Th −1 , we can reasonably narrow the possibilities to being some combination of two elemental compositions at this ion peak. The estimated elemental composition can also be used to understand the evolution of oxidation states of the products. This information provides insights on the fragmentation, functionalization, and oligomerization during oxidation of organic species (Kroll et al. 2011) .
We wish to highlight the large molecular weight products, presumably formed via oligomeric accretion reactions, which are clearly detected using the MOVI-HRToF-CIMS (Figure 6c) . Presently, to our knowledge, this is the only instrument that can provide this kind of information at the molecular-level in a field deployable package with a specificity to carboxylic acid containing compounds. The relatively soft nature of the CI coupled with the duty cycle of ToFMS allows detection of these large oligomeric compounds that, to our knowledge, have so far only been detected with extensive offline analyses Reinhardt et al. 2007; Walser et al. 2008; Heaton et al. 2009; Hall and Johnston 2011) .
The built-in temperature programmed desorption inherent to MOVI analysis provides the ability to monitor the relative volatility of a single compound or of the entire spectrum of compounds. An example of this capability is shown in Figure 7 . The figure shows ion signals, as a function of the desorption temperature (mass thermogram) for m/Q consistent with major α-pinene ozonolysis products having various functionalities. Based on HR analysis of the averaged mass spectra shown in Figure 6 , no interferences were observed for the products shown here, except −155 and −157 Th. Since development of analysis procedures for automated processing of large amounts of HR data is still ongoing, UMR data is used here. For example, pinonic acid (C 10 H 16 O 3 ) is a monocarboxylic acid, and thus has a higher equilibrium vapor pressure and desorbs earlier compared to pinic acid (C 9 H 14 O 4 ) which is a dicarboxylic acid. The equilibrium vapor pressure of pinic acid is two orders of magnitude lower than pinonic acid (Compernolle et al. 2010) , resulting in its higher desorption temperature. An interesting feature to note is the double hump structure in the thermogram for −155, −183, and somewhat for −169 Th. This secondary hump is probably thermal decomposition of oligomeric compounds (shown in Figure 6c ) into respective monomers. A recent study by Gao et al. (2010) identified the product at −357 Th as a dimer of pinic acid and terpenylic acid (C 8 H 12 O 4 ). Alternately, since the traces shown in Figure 6 are UMR, it is possible that there are other oxidized compounds with lower volatilities at similar nominal masses that are desorbing at higher temperatures.
The non zero signal for the products during the start of the heat cycle is possibly due to a combination of evaporation of the compounds from the sample collected on the post and on the manifold walls (during aerosol sampling). During the start of the heating cycle, partitioning of the compounds based on their vapor pressure is in fact visible with pinonic acid, which has a higher vapor pressure compared to pinic acid, and has a correspondingly higher signal than other products. Some of these issues will be addressed with a future MOVI design which has the manifold constantly maintained at 
200
• C while the collection post is kept at room temperature (by active cooling) thus minimizing adsorption of gas-phase compounds on the walls. This design change will not address the potential evaporation of the compounds from the aerosol particles collected on the post due to the pressure drop across the nozzles. The magnitude of this possible negative bias will ultimately depend upon the volatility and phase-state of the particles collected. The nonzero signal at the end of the heat cycle is possibly due to decomposition of oligomers at high temperatures and the highest temperature reached being lower than what is needed to completely evaporate all the collected material. We are presently testing the new MOVI design with post temperatures reaching around 200
• C by the end of the heat cycle with a long soak at 200
• C to ensure volatilization of all nonrefractory material from the post during a heating.
Alkane Photo-oxidation SOA
The MOVI-HRToF-CIMS was recently employed in a study of the photo-oxidation of several C 12 alkanes in the Caltech environmental chamber. A detailed analysis of the products and their formation pathways during these experiments is the subject of future articles. Here, we use this dataset to demonstrate the capability of the technique to ascertain time-dependent changes in the gas and aerosol phases. For this purpose we show a full mass spectrum at one time point and the evolution of two products over 18 h of OH oxidation of cyclododecane (C 12 H 24 , 10 ppb) in the presence of NO x (initial concentration NO = 377 ppb and NO 2 = 359 ppb). The instrument was operated with both acetate and H 3 O + · (H 2 O) n clusters over the course of the study with a mass range 5-523 Th. Here, we show results utilizing protonated water clusters as the reagent ion. Other experimental details are provided in the supplemental information. Figure 8a shows an average UMR mass spectrum from a heating cycle after 5 h of oxidation for the post temperature range
125-175
• C. The mass spectrum contains numerous peaks with the most intense signals at 59 and 181 Th, which, based on HR analysis, are identified to be either protonated acetone or propionaldehyde (C 3 H 6 O· H + , 4 µTh Th −1 ) and an unknown compound with the likely elemental composition of C 12 H 20 O· H + (1 µTh Th −1 ). The latter formula implies a cyclic alkenone or an ion after -OH loss. Clusters of peaks every 14 and 16 Th suggest a difference of -CH 2 , N, and/or O. Figure 8b shows a difference spectrum between the heating and sampling cycles normalized to the signal at 181 Th. The heating spectrum was calculated by integrating the signal during the thermal desorption cycle for each m/Q and then dividing by the sampling time. The sampling spectrum is just an average of the signal at each m/Q measured during the 10 min sampling cycle. There is a clear progression in the difference spectrum from negative to positive signal around 150 Th, indicating the transition from species that are preferentially detected in gas-phase to those predominantly collected on the post (e.g., in the particle-phase) as m/Q increases. Figure 9 shows the time evolution of two oxidation products during the 18 h photo-oxidation experiment. A faulty MOVI postheater resulted in incomplete vaporization during some of the heating cycles; therefore, the data corresponding to these times is removed from the plot. Inspection of the high-resolution spectra did not reveal the presence of multiple compounds at the corresponding m/Q for the products discussed below; therefore, UMR signal is used. Figure 9a shows the evolution of the C 12 H 22 O· H + (183 Th), which we presume is the carbonyl product formed from the reaction of an alkoxy radical with O 2 , and Figure 9b shows the evolution of C 12 H 23 NO 4 · H + (246 Th), which we presume is the 1,4-hydroxynitrate (1,4-HN) formed from the addition of NO to the hydroxyperoxy radical. Both are first generation products that have been observed previously by other studies (Lim and Ziemann 2009; Aschmann et al. 2011) . Although both of these products form within 1 h of the start of the experiment and partition between gas and particle-phases, they evolve differently during the remaining experiment time indicating differences in their relative production and loss processes. Included for reference is an estimate of the OH exposure during the experiment as well as the NO/NO 2 ratio. Both of these quantities demonstrate substantial changes over the course of the experiment and the evolution of the carbonyl and 1,4-HN ions are consistent with the changes in these indicators. In particular, the rapid formation of the first generation carbonyl and 1,4-HN in the first hour of the experiment, followed by their much slower evolution thereafter is consistent with the dramatic loss of the parent hydrocarbon in the first hour followed by much slower loss thereafter ( Figures S3b and S4) . Moreover, there is a clear change in the 1,4-HN production rate over the first few hours likely due to a strongly increasing NO/NO 2 ratio during that time.
Using the elemental composition and the structure of the carbonyl and 1,4-HN, we can estimate their subcooled liquid vapor pressures, and thus their saturation concentrations,C o i , allowing us to predict their particle-phase fraction (Donahue et al. 2006 . Note that the C o i reported here does not take into account the activity coefficient of the compounds in a mixture. Subcooled liquid vapor pressures were calculated (Lindsay Yee, personal communication) using the EVAPO-RATION model (Compernolle et al. 2011) . For the carbonyl, 3 ) organic compound, and therefore should readily partition between gas and particle-phases compared to the carbonyl. The volatility classes mentioned above are based on Donahue et al. (2012) .
Adsorption of gases onto the MOVI manifold and post during sampling cycle, as noted above, is a known artifact for all impaction techniques. Therefore, the actual particle-phase mass loading will be lower than that of implied by the signal measured during the heating cycle for intermediate-volatility and semivolatile organic compounds. This could be one of the reasons for the carbonyl being observed during the heating cycle. Ongoing MOVI design improvements are aimed at further reducing this adsorption artifact. The other possibility for observing the carbonyl during a thermal desorption could be thermal decomposition of oligomeric compounds. Future data analysis and the MOVI passing efficiency for such a carbonyl will investigate this aspect.
CONCLUSIONS
The MOVI-HRToF-CIMS instrument is unique in that it provides, within a compact field-deployable package, (1) quantifiable molecular-level information for both gas and particle-phase oxygenated organic species on a semicontinuous timescale across a large range of volatilities, (2) the ability to efficiently probe oxidation and SOA formation mechanisms by estimating the elemental composition of the detected compounds, and (3) relative volatility information of the detected compounds using the programmed thermal desorption information from the MOVI. These three traits make the MOVIHRToF-CIMS, unique and complementary to other techniques that are presently available for OA and OG analysis. In particular, one of the benefits of our approach apparent from the tests we described is an ability to study highly oxidized organic compounds without temporal limitations or other restrictions induced by preseparation. Chromatographic preseparation has its own advantages, and the desired time response and range of compounds of interest ultimately must be weighed. The prototype instrument described here is in the early stages of application, yet we have demonstrated that it has the sensitivity and precision necessary for making in-situ observations of gas and particle composition in a range of environments. Further improvements in the MOVI collection and desorption approaches are ongoing, aimed at continuing to address the well-known challenges of sampling intermediate and semi volatility compounds while preserving gas/particle partitioning between the atmosphere and instrument. Development and characterization of other CI schemes is also proceeding to further expand the range of detectable compounds. , and data for CToF-CIMS from Bertram et al (2011) .
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Relative acidity (∆ ) with respect to acetic acid Figure S2 . Relative acidities of mono and dicarboxylic acid compared to acetic acid as a function of number of carbons in the molecule. Gas-phase acidity data is taken from NIST chemistry webbook (Bartmess 1989 ).
Particle-Phase Sensitivity Experiments
Upon atomization, aerosol particles were dried in a heated glass flow tube (54 o C) and mixed into a 11000 sscm N 2 dilution flow. A differential mobility analyzer and a condensation particle counter (GRIMM Technologies, Inc., Douglasville, GA) were used to measure the size distributions at the end of the drying tube just prior to sampling by the MOVI via a short length of conductive tubing. These distributions together with a mole fraction weighted estimate of particle density were used to determine the sampled particle mass concentration. The outlet from this tube was connected to a 3-way, 1.27 cm OD, stainless steel manual ball valve which allowed the aerosol flow to be directed to either the MOVI or via a bypass to a vent. To minimize loss of aerosol particles in the transfer lines, only 1.27 cm OD stainless steel and silicon conductive tubing were used for particle transfer. To change the particle mass collected, the sample time was varied from 5 to 180 s. Variation in the mass concentration was calculated to be within 5% from one scan to the next. The volume weighted mean mobility diameter was d m = 120 nm (~ aerodynamic diameter d a = 140 nm) and the geometric mean standard deviation was σ g = 2.8 nm.
Assuming an average density of 1.23 g cm -3 , the average mass concentration was calculated to be approximately 31 µg m -3 . The density of TA was assumed to be equal to that of citric acid (1.665 g cm -3 ).
α-pinene Ozonolysis Experiment
The entrained aerosol flow reactor used here is similar to that used previously in this lab and described in detail by Hydrocarbon (α-pinene, 98% Arcos organics) flow is generated by bubbling 5 sccm of UHP N 2 through α-pinene filled glass flask maintained at -40 to -45 o C using a cold finger (Thermo Scientific Instruments). The temperature was decreased to minimize the vapor pressure of α-pinene and thus produce small concentration mixture. Ozone was produced using photolysis 5 of dry O 2 in the presence of N 2 in a cell containing 185 nm Hg pen-ray lamp (UVP). Ozone was monitored using a Dasibi Environmental Corp. (Glendale, CA) commercial ozone monitor and was measured to be 900 ± 70 ppb. Dry N 2 was added at the outlet of the flow reactor to match the reaction mixture flow to the sample flow rates of the MOVI (10,000 sccm). Aerosol particle size and number concentration was measured after the dilution flow using a differential mobility analyzer/condensation particle counter (DMA/CPC, Grimm technologies, GA, USA). A stainless steel 3-way, ½" valve was used to control the flow from the flow reactor to the MOVI while LabView 9.0 (National Instruments, TX, USA) was used to automate the sample and desorption cycles. Tubing from the flow reactor to the MOVI was either ½" OD copper or stainless steel to minimize particle losses during transfer. No seed particles were used during these experiments.
Alkane Photo-oxidation Experiment
Experiments were performed at Caltech in the indoor, 28 m 3 Teflon environmental chambers (Cocker et al. 2001 , Keywood et al. 2004 ). The temperature and relative humidity (RH) during these experiments were 20 ± 2 o C and <5%. Blacklights (4-foot, 400 Sylvania 350BL) with emission spectra peaking at 350 nm were used to irradiate the chambers. The chamber was flushed with zero air for a minimum of 18 h before the experiment. OH radicals were generated by photolysis of nitrous acid (HONO) during the high-NO x experiments. OH concentrations peaked at 1 x 10 7 molec cm -3 for the first two hours owing to the rapid photolysis of HONO.
Also, photolysis of HONO produced NO and NO 2 and additional NO was added so that the dominant loss process for the RO 2 radicals was through reaction with NO. Initial NO and NO 2 concentrations were 377 and 359 ppb, respectively. It should be noted that the NO 2 signal has interference from HONO in the NO x analyzer. The NO 2 concentration reported here is not 6 corrected for this interference and therefore the value reported here is an upper bound estimate.
Ozone concentrations in the chamber were below 5 ppb during the entire course of experiments.
Initial cyclododecane (CDD) concentrations in the bag, as measured with Tenax TA sorption tubes and GC-FID analysis, were 10 ppb. Multiple Tenax tubes where collected during the course of the experiments to monitor losses of the hydrocarbon precursor.
Dry ammonium sulfate ((NH 4 ) 2 SO 4 ) seed aerosol were generated by atomizing 15 mM solution. Two TSI differential mobility analyzers along with condensation particle counters were used for number and size measurements. The number-weighted mean diameter of seed particles was typically 70 nm. The chamber has been characterized for hydrocarbon and particle wall losses previously (Loza et al. 2010) , but the data presented here is not corrected for these losses.
SOA mass concentrations are calculated from the SMPS data assuming spherical particles and a density of 1 g cm -3 . Figure S3 shows the evolution of particle size distribution, SOA mass concentration, and the loss of the hydrocarbon during the entire 18 h experiment for the conditions described above.
We can clearly see the rapid loss of CDD and corresponding growth in the SOA mass concentration within 1 h of the chamber lights being turned on due to significant OH production (see Figure S4 ) from HONO photolysis. The aerosol particle distribution also shows this dramatic change with increase in both number and size of the aerosol particles. The number mean diameter increases from 70 nm before the lights are turned on to 100 nm within 1 h and further increase to 105 nm by the end of the experiment. The growth in SOA mass concentration reaches a maximum at 17 μg m -3 after 2 h and then decreases over for the rest of the experiment.
CDD is rapidly lost within the first 2 h and reached approximately 2.5 ppb, which mirrors the increase in SOA mass concentration. After the first 2 h the SOA mass concentration decreases 7 slowly and can be explained by the loss of oxidation products and aerosol particles to the chamber walls. 
